Background: Traditional clinicopathologic features of breast cancer do not account for all the variation in survival. Germline genetic variation may provide additional prognostic information.
Introduction
Traditional clinical and pathologic features related to breast cancer prognosis are not adequate predictors of survival (1) , and it is possible that variation in germline DNA may provide additional information. Previous studies have focused on candidate genes, relying on our incomplete knowledge of tumor and host biology (2) (3) (4) (5) (6) (7) (8) . In this study, we aimed to identify common germline variants associated with breast cancerspecific survival after a diagnosis of breast cancer using a genome-wide approach. We obtained follow-up information on 1,145 women with invasive postmenopausal breast cancer from the Nurses' Health Study (NHS) cohort, genotyped using the Illumina HumanHap500 array, as part of the Cancer Genetic Markers of Susceptibility (CGEMS) initiative. We genotyped the most statistically significant associations in the SEARCH (Studies of Epidemiology and Risk factors in Cancer Heredity) breast cancer study.
Materials and Methods

Sample
The 1,145 women of the NHS/CGEMS sample used in this analysis and the genome-wide association study (GWAS) genotyping methods have been previously described (9, 10) . Briefly, the NHS is a longitudinal study of 121,700 women enrolled in 1976. The CGEMS casecontrol study is derived from 32,826 participants who provided a blood sample in 1989-1990 and were followed for incident breast cancer until May 2004. Follow-up was conducted by personal mailings and searches of the National Death Index. The 1,145 women were genotyped using the Illumina HumanHap500 array as the first stage of a three-stage GWAS of breast cancer susceptibility. We removed single-nucleotide polymorphisms (SNP) with a minor allele frequency of <1% for a total of 528,252 SNPs.
The SEARCH breast cancer study ascertainment and follow-up is described elsewhere (4) . Briefly, SEARCH is an ongoing population-based study of women diagnosed with breast cancer in the region of England included in the Eastern Cancer Registration and Information Centre. Study eligibility includes those diagnosed with invasive breast cancer at age <70 y at the start of the study in 1996, or those diagnosed at age 55 or younger since 1991 and alive at the start of the study (prevalent cases). Follow-up was obtained by death certificate flagging through the Office of National Statistics and the National Health Service Strategic Tracing Service. Genotyping sets 1 and 2 (4,335 women) were included in this analysis. Genotyping was done using optimized TaqMan assays (Applied Biosystems; ref. 11).
All participants in the studies provided informed consent. The NHS/CGEMS study protocol was approved by the Brigham and Women's Hospital Institutional Review Board. The SEARCH study was approved by the Eastern Multicentre Research Ethics Committee.
Statistical methods
We fitted Cox proportional hazards models to assess the association of genotype with breast cancer-specific mortality, adjusting for age category at diagnosis (44-59, 60-69, and 70-83 y). Follow-up for NHS ended at date of death from breast cancer or June 30, 2004. Statistical significance was based on a 1-degree-of-freedom trend test.
The 10 most statistically significant loci were genotyped in SEARCH and assessed for association with breast cancer-specific mortality, adjusting for age category at diagnosis (<44, 44-59, and 60-69 y), using Cox proportional hazards models allowing for left truncated (prevalent case) data (12) . Follow-up ended for SEARCH at date of death from breast cancer or November 30, 2006; follow-up was censored at 10 y. Because the SEARCH population includes some premenopausal cases, analyses limited to individuals with ages at diagnosis of ≥44 and ≥55 y were also performed.
Results
The 1,145 women participating in the NHS/CGEMS study provided 7,711 person-years at risk (93 breast cancer deaths; Table 1 ). We tested the 528,252 SNPs for an association with breast cancer survival, and no association reached nominal GWAS significance threshold (P = 5 × 10 −8 ). The most significant locus was in the ARH-GAP10 gene (P = 2.3 × 10 −7 ). The 10 loci were genotyped in up to 4,335 women participating in the SEARCH study, who provided 28,148 years at risk (587 breast cancer deaths). None of the loci replicated in the SEARCH study (Table 2 ). There were no significant differences in the analyses when stratified by ages at diagnosis of ≥44 and ≥55 years (data not shown).
Discussion
The NHS/CGEMS study provides the unique opportunity for an agnostic search of the genome for common genetic variants associated with breast cancer prognosis. To date, this is the first GWAS of breast cancer survival. However, we did not observe any SNP associations with a genome level of statistical significance (P = 5 × 10 −8 ), nor did we replicate any of the 10 most statistically significant loci discovered in the GWAS in the SEARCH study.
Assuming a minimum of 10 associated loci, the power to detect at least one where the risk allele frequency is 0.2 conferring relative hazards of 1.6, 1.8, and 2.0 at genome-wide significance (5 × 10 −8 ), taking into account the staged study design, was 48%, 89%, and 99%, respectively. Because the power to detect larger magnitude effects and more prevalent alleles is correspondingly greater, it is unlikely that we have missed common variants with large effect sizes. However, it is possible that variants with more modest effects were missed in the discovery analysis and were not carried forward to the replication phase. In addition, our power in the discovery GWAS is less favorable for rare variants or genes acting via a recessive mechanism. Breast cancer is a heterogeneous disease and its prognosis varies significantly across tumor subtypes (13-18) ; additional factors such as patient characteristics (e.g., age, comorbidity, diet, etc.), treatment regimen, compliance, and individual pharmacogenetics also affect survival (19) . It is plausible that germline genetic variation could be associated with survival by tumor subtype or treatment approaches. However, the power to investigate subgroups as well as interactions with environmental factors is limited with the current data set and will require larger consortial studies. Furthermore, the determination of common variants associated with survival is challenging in studies designed to discover common variants for etiology because of issues related to study design.
In conclusion, our study suggests that it is unlikely that there are many common germline variants with large effects (hazard ratio >2) on general breast cancer survival.
Further candidate gene and GWA studies powered for common variants with modest effects on survival, as well as tumor and treatment subgroups, are required.
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